Abstract-A review of the experimental evidence which rejects the determination of the Icosahedral phase as periodic is presented. The experiments discussed include various diffraction techniques for the study of the long range order as well the methods to determine the local atomic arrangement.
I -INTRODUCTION
The discovery of the Icosahedral phase (1), (2) has generated a great deal of research activity. It is the fascination of being a part of an emerging new field, which motivated investigators from several disciplines to contribute about 150 articles in the first year. However, a certain amount of mainly passive scepticism still exists within the ranks of crystallographers.
Since the first X-ray diffraction Experiment by von Laue in 1912, all crystals studied by various techniques could be defined as periodic. Many structures were analysed to have rather complicated motifs and large unit cells, which contain in several cases well over a thousand atoms, <Frank-Kasper phases are a typical example).
All these, however, could be shown to have periodic translational symmetry. Therefore, a crystal which generates sharp diffraction peaks was axiomed over the years to be periodic. This axiom which has become a cornerstone in crystallography is not supported by the mathematics of the nature of diffraction. On the contrary, it was demonstrated and proved time and again that the Fourier transform of almost periodic and quasiperiodic functions also generate sharp peaks.
The question whether quasiperiodic crystals exist, narrows down to the question whether quasiperiodic arrangement of atoms can form and whether it can be stable.
The mathematical as well as other theoretical and experimental tools, to deal with quasiperiodic crystals, were available for quite some time before the announcement of the discovery of the Icosahedral phase, and these were put to use almost immediately following the announcement.
The experiments that revealed the exceptional nature of the Icosahedral phase were repeated and this not only confirmed the first results, but also expanded them and added evidence for quasiperiodicity in the Icosahedral phase and other phases ( 3 ) ( 4 ) .
The phase, first found in several aluminum alloys ( 5 ) was later discovered in other compositions (6).
The purpose of this article is to discuss experimental evidence which rejects the possibility of explaining the structure of the Icosahedral phase on principles of classical crystallography, thus creating the foundation for the understanding of the structure of quasiperiodic crystals.
EXPERIMENTAL
There is no doubt that elgctrcn-m&cyogcgpy, with its versatility and wealth of experimental procedures, played a key role in the early stages of the study of the Icosahedral phase and other quasiperiodic structures.
The property that drew attention to the fivefold orientation in April 1982 was the very dark image of the Icosahedral grains which were oriented with the fivefold axis parallel to the electron beam. The Icosahedral phase diffracts electrons in an unusual way.
Next came the diffraction pattern (Fig.l) , with well defined sharp peaks and fivefold rotational symmetry. The pattern has more unique features, the distances from the centrally transmitted beam to the diffracted beams are related by various powers of the golden mean and the intensity of the diffracted beams does not decay as a function of the distance from the center.
But, perhaps, the most intricate observation was that the crystal, in different orientations, has more such fivefold diffraction patterns. The analysis of the symmetries of the crystal lead to the composition of patterns shown in Fig.2 and to the realization that the crystals possess Icosahedral symmetry.
The explanation of the previously unobserved set of symmetries could be either by using the knowledge of traditional periodic crystallography or by proposing something else and new. Periodic crystallography may suggest that each spot in the unique patterns is formed by a contribution of several differently oriented particles of a periodic phase, such as multiple twinning. To examine this idea several experiments were carried out in the electron microscope. The first is a set of dark field images obtained from different diffracted beams in a two-beam condition (1). In each dark field image the whole Icosahedral grain was illuminated, and down to the resolution of a few nanometers, no twins can be observed. This experiment was repeated since on various other Icosahedral phases, some of which (such as several rapidly solidified Al-Mn-Si alloys) are with much less strain contrast with the same results ( 7 ) .
Convergent beam diffraction patterns were taken at the various important orientations. This technique involves a conical electron beam that illuminates a spot on the specimen, the diameter of which is between 1.5nm to 20 nm. The diffraction patterns obtained this way are identical to the ones observed by the selected area method, and are similar to one another across the Icosahedral crystal. Such selected area diffraction patterns were taken at various thicknesses of the specimen, and down to a few nanometers in thickness, indicating that if, indeed, the diffraction pattern is a composite of several patterns obtained from several periodic crystals, then these crystals must be very small. Perhaps, the most convincing set of experiments in the study of the structure of the Icosahedral phase is based upon lattice imaging. The lattice imaging technique has been used extensively in the last decade to study lattice defects. It has been demonstrated that the technique can detect the fine structure of dislocation cores and that of many kinds of boundaries, including microtwin boundaries ( 8 ) .
The technique was applied to the Icosahedral phase in several alloys ( 9 ) revealing the atomic structure at different orientations. Even though it is difficult to confirm a structural model based on these observations, several facts are clear. The most important observation is that no boundaries can be seen in the structure. The quasiperiodic sequence of planes is clearly seen, and the orientations of planes in the 2-, 3-and 5-fold orientation is conspicuous. An optical diffraction taken from the TEM plate to form a Fourier transform of the image recreates the electron diffraction pattern. This result is obtained even with a rather small aperture, i.e. with the diameter of the area which contributes to the optical diffraction in the order of several nanometers. The various rotational symmetries, including the fivefold, are thus a fundamental property of the atomic order and do not result from any composition of small periodic crystals, such as microtwins.
X-ray diffract* has traditionally been a most powerful and precise -tool in the study of crystals. The technique was put to use in the study of the quasiperiodic crystals, starting with the Icosahedral phase (1)(5)(10). The fit of the X-ray diffraction peaks to those of the electron diffraction was confirmed, and the indexing of the patterns followed soon (5)(11). Even though there is no dispute as to the meaning of each peak among the various suggestions for indexing languages, the indexing techniques vary from one to the other. The most fundamental of all is the one suggested by Cahn et a1 (11).
It is based upon a set of three orthogonal 2-fold axes and presents an easy and workable indexing system. Another important result of the analysis of the X-ray diffraction patterns is the introduction of the step necessary to prove, using diffraction, that a solid is quasiperiodic.
Among the other results obtained by X-ray diffraction is the accurate measurement of planar spacing, which is not obtainable accurately by electron diffraction, and the introduction of indexed stereographic projections for the Icosahedral phase (11).
In general, the peaks observed in all the X-ray studies are rather wide representing a correlation length of 10-30nm. Numerous speculations as to the cause of this width have been presented including local strain, faults and uneven distribution of atomic constituents to name a few. This question is unsettled at present and an agreed upon explanation is still sought.
Begtgon diffyaction on powdered Icosahedral phase was also performed on three alloy compositions (12).
Peak positions were found at identical positions to those previously found by X-ray diffraction and previously as produced by cuts and projections of a 6D cube with a lattice parameter of about 0.65nm (see later in these proceedings). The intensities of the neutron diffraction pattern provide information on the chemical order of the Icosahedral phase by comparison to those of the X-ray diffraction pattern. This is based upon the difference between the structure factors characteristic of the two techniques, which is vividly demonstrated for the A1-Mn system.
The local atomic structure of the Icosahedral phase was studied by NGR, XAFS and NMR.
Shortly following the discovery of the Icosahedral phase Nuclear Gap&-Bay Eegocagcg ( N x experiments were performed on Al-(Mn,Fe) -alloys (13). The NGR spectrum of an iron atom in the Icosahedral phase is a probe of the local environment of that atom and the technique is most sensitive to the first one or two near-neighbor shells.
A detailed analysis of the spectra obtained from the Icosahedral structure shows that they can be fitted to a pair of symmetric doublets, indicating two non-symmetric positions for the iron atom. It is assumed that the iron and manganese atoms occupy the small site types and are distributed arbitrarily within the quasiperiodic crystal. The results do not suggest a model, but reject any model in which the manganese atom occupies a symmetric position.
In another study (14) the local atomic environment in the Icosahedral phase was studied by gx&e~dgddX=rayYAbsgr~tio~ Fi~e-S&rgc&u~e-(E~A~S) measurements.
The results which provide information that lead to a structural model, demonstrate the power of this tool for the study of the order of the Icosahedral phase. The model, detailed in these proceedings, supports the randomly connected Icosahedra model previously suggested (1) and suggests a structural unit which consists of a cage of Mn atoms positioned on the vertices of an Icosahedran. The model also suggests that the quasiperiodic crystals grow along the threefold axis, which is consistent with Previously reported optical microscopy observations (10).
Nuglgag ~aqngt&c-Rgsgngnge-(~_L is a technique which probes the local -environment of the nuclei. In their study (15) both 55Mn and 27A1 nuclei were examined at room temperature. One of the conclusions of this study supports the conclusion of the Mossbauer spectroscopy (NGR) study (13a). In addition, a large number of apparent discontinuities were found. Special attention was paid to the possibility of the presence of twins, but no evidence was found for multiple twinning, and no twin boundaries were observed.
It should be noted that the FIM studies were performed on a rapidly solidified ribbon of A1-12 at % Mn, which is by nature heavily strained.
A more suitable specimen for this study would be a rapidly solidified ribbon of the Al-Mn-Si ternary system which is composed of elongated strain free Icosahedral crystals.
Based on the FIM, several laboratories have now developed an atom probe which is potentially an important tool for probing the chemical order of the Icosahedral phase, and for evaluating the models for its atomic structure.
CONCLUSION
Many of the techniques for the study of the structure of solids were applied to the Icosahedral phase. The long range order was determined by X-ray, neutron and electron diffraction, and a very good fit was obtained for a three dimensional quasiperiodic arrangement of atoms. The local order was probed by field ion microscopy, nuclear gamma-ray resonance, nuclear magnetic resonance and extended X-ray absorption fine structure. At this stage the available information on the local order should provide a model for the atomic arrangement both of the Icosahedral phase in particular, and for quasi-periodic crystals in general. Indeed, such models are proposed in these proceedings, and hopefully an agreed upon model will emerge in the near future.
COMMENTS AFTER THE D. SHECHTMAN TALK :
M.V. JARIC.-I would like to make two comments. First, I would like to emphasize that SHECHTMAN's model of randomly packed icosahedra shearing edges, faces, or vertices, does, in fact, exhibit an unusual kind of order -namely, the long-range icosahedral orientational order. Second, I think that a selfconsistent definition of a class of (long-range positionally) ordered structures could be a physical one : these are (infinite) structures which give rise to diffraction patterns consisting of perfectly sharp bragg peaks. It would be, then, an experimental task to recognize this ideal in real structures.
